The ability of organisms to quickly respond to stresses requires the activation of many intracellular signal transduction pathways. The sphingolipid intermediate ceramide is thought to be particularly important for activating and coordinating signaling pathways during mammalian stress responses. Here we present the first evidence that ceramide and other sphingolipid intermediates are signaling molecules in the Saccharomyces cerevisiae heat stress response. Our data show a 2-3-fold transient increase in the concentration of C 18 -dihydrosphingosine and C 18 -phytosphingosine, more than a 100-fold transient increase in C 20 -dihydrosphingosine and C 20 -phytosphingosine, and a more stable 2-fold increase in ceramide containing C 18 -phytosphingosine and a 5-fold increase in ceramide containing C 20 -phytosphingosine following heat stress. Treatment of cells with dihydrosphingosine activates transcription of the TPS2 gene encoding a subunit of trehalose synthase and causes trehalose, a known thermoprotectant, to accumulate. Dihydrosphingosine induces expression of a STRE-LacZ reporter gene, showing that the global stress response element, STRE, found in many yeast promoter sequences can be activated by sphingolipid signals. The TPS2 promoter contains four STREs that may mediate dihydrosphingosine responsiveness. Using genetic and other approaches it should be possible to identify sphingolipid signaling pathways in S. cerevisiae and quantify the importance of each during heat stress.
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The ability of organisms to quickly respond to stresses requires the activation of many intracellular signal transduction pathways. The sphingolipid intermediate ceramide is thought to be particularly important for activating and coordinating signaling pathways during mammalian stress responses. Here we present the first evidence that ceramide and other sphingolipid intermediates are signaling molecules in the Saccharomyces cerevisiae heat stress response. Our data show a 2-3-fold transient increase in the concentration of C 18 -dihydrosphingosine and C 18 -phytosphingosine, more than a 100-fold transient increase in C 20 -dihydrosphingosine and C 20 -phytosphingosine, and a more stable 2-fold increase in ceramide containing C 18 Key elements in the response of an organism to stress are intracellular signal transduction pathways whose role is to transmit a signal from stress-activated sensors to, for example, the nucleus where the signal activates transcription of genes necessary for mounting a defense response. Evidence obtained primarily from cultured mammalian cells suggests that ceramide, an intermediate in sphingolipid metabolism, is a key signaling molecule generated in response to a variety of stresses that mediates growth arrest, apoptosis, senescence, differentiation, or an immune response (1-4). The physiological importance and molecular mechanism(s) of ceramide signaling wait to be established and quantified in most cases, and the task of doing so appears daunting because mammalian signaling pathways are complex and interactive. To better understand the roles of sphingolipid signaling during stress, we have focused attention on the yeast Saccharomyces cerevisiae. Here we present evidence for sphingolipid signaling during heat stress in this organism.
The proposed pathway for S. cerevisiae sphingolipid synthesis, up to the formation of IPC, 1 is diagrammed in Fig. 1 (5) . Not shown in Fig. 1 is the conversion of IPC to mannose IPC by the addition of mannose and the conversion of mannose IPC to the terminal sphingolipid mannose-(inositol phosphoryl) 2 -ceramide by the addition of inositol-phosphate. The early steps in sphingolipid biosynthesis up to the synthesis of DHS are similar in mammals and in S. cerevisiae (5) . During biosynthesis, the ceramides in S. cerevisiae contain phytosphingosine (4-hydroxy dihydrosphingosine) amide linked primarily to a OH-C 26 -fatty acid, whereas mammalian ceramides contain dihydrosphingosine amide linked to a C 16 -fatty acid. The dihydrosphingosine in mammalian ceramides is rapidly desaturated to yield ceramides with a 4,5-trans double bond (sphingosine, reviewed in Ref. 6) .
Organisms have evolved complex mechanisms for surviving higher than normal temperatures (heat stress). One universal survival mechanism (reviewed in Ref. 7 ) is the induction of a group of proteins, the heat shock proteins (HSPs), many of which serve as molecular chaperones necessary for folding proteins denatured by high temperatures. Another protective mechanism in S. cerevisiae is the accumulation of the disaccharide trehalose, which occurs rapidly following a shift from 25 to 37°C (Ref. 8 and references therein). Trehalose is known to protect proteins and biological membranes from heat denaturation (9, 10) . Mutant strains deleted for tps1 or tps2 encoding subunits of trehalose synthase have reduced thermotolerance, indicating that trehalose is a thermoprotectant (8) .
Heat treatment also induces transcription of genes in S. cerevisiae whose promoters contain an element termed STRE (stress response element, reviewed in Ref. 11). STREs are responsible for what has been called cross-resistance, in which one type of stress, such as heat shock, gives partial protection against other stresses such as osmotic and oxidative stress. STREs have been found to be functional in the promoters of several yeast genes (12, 13) including TPS2, whose transcription is inducible by heat (14 -16) .
Studies of mutant strains of S. cerevisiae that lack sphingolipids have demonstrated a necessary but uncharacterized role for these lipids in resisting heat, osmotic, and low pH stresses (17) . Here we present evidence that ceramide and other sphingolipid metabolites accumulate during heat stress and signal S. cerevisiae cells to activate transcription of the TPS2 gene and to accumulate trehalose.
MATERIALS AND METHODS
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strains have a reporter plasmid integrated in the same manner. pTPS2-1 contains the TPS2-LacZ reporter gene, consisting of 632 base pairs of the TPS2 promoter, cloned into the EcoRI site of pLT9 (19) . The promoter was made by using the polymerase chain reaction and the primers 5Ј-CAGGAATTCGTTATCTTACTGCCAGCCC-3Ј and 3Ј-GCATGGGTCAAGTGCAACCTTAAGGAC-5Ј (promoter sequences are underlined). Strain RCD119 carries pCTT1-18 7x (12) . Strain RCD121 carries pHSP104-1, made by cloning a 358-base pair region of the HSP104 promoter generated by using the polymerase chain reaction and the primers 5Ј-GACCGGAATTCACCTTCTGCACCATTTT-TAG-3Ј and 3Ј-AACATTAGAACGGAGTTAAGGCTTAAGGCAGG-5Ј (promoter sequences are underlined) into the EcoRI site of pLT9. Strains were grown at 25°C in PYED medium (20) to an A 600 nm of 0.2 and treated with 50 M DHS (D 6783, Sigma) in a final concentration of 0.05% Tergitol. Controls lacking DHS were treated with Tergitol.
Lipid Analyses-Lipids were extracted by method IIIB (21) after treating RCD118 cells (150 -200 A 650 units) with 5% trichloroacetic acid followed by washing with H 2 O. A trace of [4,5- 3 H]sphinganine was added, the mixture was passed over a 0.5 ml BioRex-70(H ϩ ) (200 -400 mesh) column to adsorb long chain bases, and the column was washed with 1.5 ml of lipid extraction solvent mixture (21), followed by 1.5 ml of CHCl 3 :CH 3 OH (1:1). The combined effluents were assayed for ceramide. Long chain bases were eluted with 2 ml of methanol/concentrated HCl (10.6:1), dried under nitrogen, treated with 6 ml of 6 N NH 4 OH, and extracted three times with 3 ml of CHCl 3 , and the combined CHCl 3 extracts were washed with 3 ml of 6 N NH 4 OH before drying under nitrogen and conversion to N-biphenylcarbonyl derivatives (22) . The derivatives were dried and peracetylated by reacting with 0.2 ml each of dry pyridine and acetic anhydride at 100°C for 90 min. Solvents were evaporated under nitrogen and redried three times after addition of 1 ml of toluene. Samples in 150 l of methanol were analyzed by reversed phase HPLC (22) with acetonitrile/water (95:5) as the solvent. Effluents were collected in the di-O-acetyl,N-biphenylcarbonylsphinganine region and assessed for radioactivity to calculate recoveries. Calculations are based on the assumption that recovery of phytosphingosine is the same as that of dihydrosphingosine. For ceramide analysis, the combined unbound eluates and washes from the BioRex-70 column were mixed with 1.5 ml of CHCl 3 and 2 ml of H 2 O, and the resulting lower phase was washed with 2 ml of H 2 O. The lower phase was dried under nitrogen and suspended in 0.5 ml of CHCl 3 , and ceramide fractions obtained by adsorption to and elution from a silica gel column were converted to perbenzoyl derivatives and resolved and quantitated by HPLC, all as described previously (20) .
Miscellaneous Procedures-Trehalose was extracted (14) and analyzed by TLC (23) . Sugars were stained with the napthoresorcinol reagent (24), plates were photographed with a digital camera, and spot intensities were quantified against trehalose standards by using SigmaScan software (Jandel Corp., San Rafael, CA). Protein concentration was determined by the method of Lowry (25) . Permeabilized cells were assayed for ␤-galactosidase activity (26) . Aureobasidin A (AbA) was purchased from PanVera Corp. (Madison, WI).
RESULTS AND DISCUSSION

Sphingolipid Intermediates Accumulate during Heat
Stress-If sphingolipid intermediates act as signals, their concentration should be altered after a shift from a nonstressful (23-25°C) to a stressful (37-39°C) temperature. Following a shift from 24 to 39°C, there is 2-3-fold transient increase in the concentration of C 18 -DHS and C 18 -PHS (Fig. 1A) , more than a 100-fold transient increase in C 20 -DHS and C 20 -PHS (Fig. 1B) , and a more stable 2-fold increase in ceramide containing C 18 -PHS and a 5-fold increase in ceramide containing C 20 -PHS (Fig. 1C) . No changes of this magnitude or with the same kinetics were seen in the nonstressed control cells maintained at 24°C (Fig. 1) . Increases in ceramide, the only intermediate analyzed, were not observed during osmotic or low pH stress (data not shown). These data suggest that one or more sphingolipid intermediates are signaling molecules specific for heat stress. However, the data do not exclude the possibility that the observed changes are part of the cellular response to a higher temperature.
The kinetics of the transient increase in C 18 /C 20 DHS and C 18 /C 20 PHS are consistent with these compounds being precursors to the ceramides. Pulse-chase experiments using radiolabeled precursors will be necessary to verify the precursorproduct relationship of these compounds. The increase in C 20 -containing species shown in Fig. 1 may be a direct result of the known increase in C 18 fatty acid (sterate) synthesis that occurs at elevated temperatures (27) .
Potential Targets of Sphingolipid Signals-To begin to identify targets of sphingolipid signals, we examined known heat stress responses in mutant 4R3 S. cerevisiae cells that can be grown so as to contain or lack sphingolipids (18) . Induction of the heat shock proteins was examined first. We found that 4R3 cells grown in the absence of a long chain base and lacking sphingolipids were able to induce the synthesis of the HSPs as well as 4R3 cells grown in the presence of a long chain base and, therefore, containing sphingolipids (data not shown). We conclude from these results that sphingolipids are not neces- sary for signaling induction of at least the major HSPs including HSP104, HSP90s, HSP70s, HSP48, and HSP26. It is possible that some minor HSPs do require sphingolipids for induction, but these will need to be examined more carefully by Western blot analysis.
Heat also induces accumulation of the disaccharide trehalose in S. cerevisiae, and this accumulation is essential for full protection against heat stress (8) . Mutant 4R3 cells grown in the absence of a long chain base and therefore lacking sphingolipids accumulated almost no trehalose after 45 min at 37°C (12 nmol/mg protein). In contrast, 4R3 cells grown in the presence of a long chain base and containing sphingolipids accumulated as much trehalose as wild type SJ21R cells (974 versus 848 nmol/mg protein, respectively). These results are consistent with sphingolipids being a signal for trehalose accumulation and suggested that it might be possible to induce trehalose accumulation by treating wild type cells with a long chain base. (Fig. 1) . Furthermore, it can cross the plasma membrane and be converted to ceramide and complex sphingolipids (28) , so that if ceramide is the natural signaling molecule its concentration could potentially be increased by treating cells with DHS. Treatment of wild type cells with a mixture of DL-erythro-DHS and DL-threo-DHS (referred to as DHS) induced over a 1000-fold, time-dependent increase in trehalose (Table I ). The ability of DHS to mimic the effect of heat treatment is a strong indication that the DHS, PHS, or ceramide produced during heat stress activates a signal transduction pathway(s) leading to trehalose accumulation.
Long Chain Bases Induce Trehalose Accumulation-The long chain base DHS was tested first because it is a natural biosynthetic intermediate, and heat treatment induced a transient rise in its concentration
Long Chain Bases Induce TPS2 Transcription-The way in which heat induces trehalose accumulation is not well characterized, but the mechanism(s) must both induce de novo trehalose synthesis and block turnover by the hydrolytic enzyme trehalase (8) . Transcription of one trehalose biosynthetic gene, TPS2, has been shown to be heat-inducible (14 -16), and we therefore determined whether DHS could also induce its transcription. A reporter gene having the TPS2 promoter fused to the Escherichia coli lacZ gene was used so that promoter expression could be quantified by measuring ␤-galactosidase activity. DHS induced ␤-galactosidase activity 12-fold ( Fig. 2A) , whereas heat induced activity 9-fold (Fig. 2C) . The effect of DHS was specific for TPS2, because another reporter gene containing the promoter of the heat-inducible HSP104 gene was only induced 2-fold by DHS (Fig. 2B) , whereas it was induced 10-fold by heat (Fig. 2D) . The ability of DHS to mimic the effect of heat treatment is consistent with the hypothesis that the DHS, PHS, or ceramide produced during heat stress activates a signal transduction pathway(s) leading to induction of TPS2 transcription.
It was surprising that DHS did not induce expression of the HSP104 reporter gene because the HSP104 promoter contains three putative STRE elements (AGGGG) (29) . However, their functionality has not been determined. Induction of HSP104 transcription by heat is probably mediated by the heat shock transcription factor, which binds to heat shock elements. We suggest that HSP104 may not be able to respond to sphingolipid signals because one or all of its STREs are masked by nucleosomes or other proteins or by nearby binding of the heat shock transcription factor, making the STREs inaccessible to binding by the transcription activators Msn2 or Msn4 (12, 13) .
Heat induces TPS2 transcription more rapidly than does DHS (Fig. 2) . This difference may indicate that heat induces additional signaling pathways that regulate TPS2 transcription, a likely possibility because the heat stress response is very complex (11, 29) . The difference in kinetics may, however, be due to a slow buildup in intracellular DHS, PHS, or ceramide in response to exogenous DHS as compared with the rapid buildup induced by heat treatment (Fig. 1) . The buildup in sphingolipid intermediates occurs prior to induction of TPS2-LacZ expression (Fig. 1D) , a result consistent with the hypothesis that the intermediates signal activation of TPS2 expression.
50 M DHS (a mixture of DL-erythro-and threo-DHS) was determined to give maximal induction of TPS2-LacZ expression during a 4-h treatment period (data not shown). Other long chain bases including DL-erythro-DHS (100 M), L-threo-DHS (25 M), and erythro-PHS (50 M) induced expression of the reporter gene to about the same extent, as did the mixture of DHS isomers (data not shown). Although such results might indicate a nonspecific effect of sphingoid long chain bases, this is probably not the case because both the natural erythro and unnatural threo isomers are used by yeast to make sphingolipids (28) , indicating that yeast can metabolize the nonbiological into the biological isomers. The water-soluble ceramide mimic, C 2 -ceramide (N-acetylsphingosine, 25 M), used extensively to study ceramide signaling in mammalian cells, induced TPS2-LacZ expression 2-3-fold, whereas no induction was seen with the related compound, N-acetyldihydrosphingosine, which lacks the 4,5-trans double bond (data not shown). C 2 -ceramide probably does not induce reporter gene expression as well as do heat or DHS because it is structurally distant from natural yeast ceramides, which contain very long chain C 24 or C 26 fatty acids, an hydroxyl at C 4 , no 4,5-trans double bond, and one or two hydroxyls on the fatty acid moiety (5) .
STREs Are Potential Mediators of Sphingolipid SignalsMany stress responses in S. cerevisiae activate transcription through STRE promoter sequences (11, 19, 30) and four STRE sequences are present in the TPS2 promoter (16) . To determine if STREs alone can respond to DHS we used an STRE-LacZ reporter gene containing seven contiguous STRE sequences. This reporter construct has been used extensively by others to determine STRE response to stresses in yeast (12, 19, 31) . DHS induced expression of the STRE-LacZ reporter gene 6-fold (Fig.  2B) , whereas heat induced expression about 15-fold (Fig. 2D) . These data suggest that at least part of the DHS-induced TPS2 expression is mediated by STREs. Further experiments will be needed to verify this possibility.
Blocking Sphingolipid Synthesis Induces TPS2 ExpressionFurther evidence for sphingolipid signaling during heat stress was obtained by determining whether inhibition of IPC synthase, catalyzing the conversion of ceramide to inositol phosphorylceramide (Fig. 1) , caused induction of TPS2-LacZ expression. The rationale being that just like heat treatment, inhibition of IPC synthase at a nonstressful temperature could cause the build up of ceramide and long chain bases. IPC synthase activity was inhibited by using AbA, a potent and specific inhibitor of this enzyme (20) . Treatment of cells with AbA induced expression of the TPS2-LacZ reporter gene about 4-fold during a 4-h incubation period (Fig. 3, A and B) . In addition, AbA potentiated the effect of DHS on expression of the reporter gene compared with DHS treatment alone (Fig.   3A) . Likewise, AbA potentiated the effect of heat on expression of the TPS2-LacZ reporter gene compared with heat treatment alone (Fig. 3B) . These results further strengthen the hypothesis that the sphingolipid intermediates accumulating during heat stress are signaling molecules.
The ceramide signal produced during mammalian stress responses is primarily generated by hydrolysis of sphingomyelin (1-3), but it is not known how ceramide is generated during heat stress (32, 33) . In contrast, available evidence indicates that the ceramide produced in response to heat stress in S. cerevisiae (Fig. 1) arises from de novo synthesis, not from breakdown of preformed sphingolipids, 2 so S. cerevisiae may represent a new paradigm for the generation of sphingolipid signals.
Heat and other stresses activate an unknown signaling pathway(s) connected to two transcription activators, Msn2 and Msn4 (12, 13) . At least the Msn2 protein is necessary for DHS induction of TPS2-LacZ transcription. 3 Identifying components of the stress-induced signal transduction pathway(s) upstream of Msn2 should reveal how sphingolipid signals activate transcription of TPS2. STREs are present in many S. cerevisiae promoters (12, 13) , so it seems likely that some of these promoters, perhaps those known to be induced by heat, will respond to sphingolipid signals also.
The yeast homolog of the mammalian AP1 family of transcription activators, Yap1, is necessary for heat induction of TPS2 transcription and for trehalose accumulation (16) , whereas the RAS-protein kinase A pathway has just the opposite effect and maintains transcription and trehalose at a low level in unstressed cells (16, 19) . It is not known how Yap1 or the RAS-protein kinase A pathway regulate TPS2 transcription or accumulation of trehalose during heat stress. Sphingolipid signals may regulate these two pathways. Components of signal transduction pathways, particularly those employing MAP kinase cascades, have been conserved between yeast and multicellular eucaryotes (4), and we would expect that knowledge of sphingolipid signaling pathways in yeast will help in understanding such pathways in higher eucaryotes. Because ceramide and other sphingolipids (1) (2) (3) (4) are signals in many mammalian stress responses, we anticipate that they will be identified as signals in other yeast stress responses besides heat stress. Genetic and other approaches should make it possible to identify all sphingolipid signaling pathways and targets in S. cerevisiae and to quantify the importance of each during heat stress.
FIG. 3. Transcription is induced by aureobasidin A treatment.
Data are the means Ϯ S.D. for three experiments using the TPS2-LacZ reporter strain RCD118; values without error bars are for a single experiment. A, cells were treated with 50 M DHS Ϯ AbA (600 ng/ml in a final concentration of 0.5% EtOH, controls were treated with EtOH only) starting at time zero. B, cells were grown at 25°C, and then half were switched to 37°C and treated or not treated with AbA.
